VZ (O'Rourke et al., 1992; Tan and Breen, 1993; Kornack and Rakic, 1995; Reid et al., 1995) . On the basis of our earlier work, we have previously argued that a protomap may be sustained by a subpopulation of progenitors with early commitment to predictable patterns of cell dispersion (Tan et al., 1995) . The goal of this work is to identify such progenitors and to examine the behavior of their offspring. We used highly unbalanced chimeras, the majority of which were created by injecting a single embryonic stem (ES) cell carrying a lacZ reporter into wild-type host blastocysts. This technique has allowed us to occasionally mark a small number of progenitors in each cerebral hemisphere following incorporation of ES cell-derived progenitors into the embryonic cerebral wall. Short-and long-term survival experiments were performed, allowing us to map the initial and subsequent distribution of labeled cells. Our results show that some progenitors are specified to generate radially dispersing columns of glutamatergic neurons, while other progenitors gave rise to predominantly scattered GABAergic interneurons. We conclude that for some progenitors, there is a link between lineage, dispersion, and phenotype, providing a possible mechanism for generating some aspects of the observed cellular diversity in the neocortex and for transmitting of positional information from the germinal zones to the overlying cortical plate.
Results

Labeling in Embryonic Forebrain
To study the dispersion patterns of neurons descending , 1997) . Evidence from previous studies suggests a chimeric E9.5 embryo. Insert shows boxed area at higher magnification. The transgene has a nuclear localization signal that targets that ES cells have the capability to proliferate and intethe ␤-gal protein to the cell nucleus grate normally into all tissues of the embryo (Beddington (B) At E10.5, labeled progenitors are found as clusters in the cerebral and Robertson, 1989; Nagy et al., 1990) . These studies vesicle, some of them with as few as 2-4 cells per cluster (insert).
suggest random incorporation by undifferentiated ES Arrow points to a dividing progenitor. cell progeny, some of which end up in the telencephalic in clusters of two or four cells separated by some distance ( Figure 1B) . By E12.5, these progenitors were synthetase (Norenberg and Martinez-Hernandez, 1979) . found in association with overlying radial stripes, sugOf 72 chimeras analyzed, over half were strongly chimegesting interkinetic nuclear migration (a "to and fro" ric, with clearly radial columns superimposed upon tanmovement of the cell nuclei within anchored cytogentially dispersed cells. In strong chimeras, the overall plasmic processes) among members of the clone (Sidpicture was similar to the patterns reported with X inactiman et al., 1959) ( Figure 1C) . vation mosaics in which approximately half of all progenitors were labeled (Tan and Breen, 1993; Tan et al., 1995) ( Table 1) .
Patterns of Labeling in Strong Chimeras
Chimeras analyzed at 4-8 weeks showed that ES cellderived progenitors gave rise to both neurons and glia
Columns in Weak Chimeras
To uncouple labeling of radial from tangential dispersion of the mature neocortex. Glia were invariably found as clusters, usually in the vicinity of blood vessels (data pathways, we selected weaker chimeras for analysis on the reasoning that these would arise from a smaller not shown) and were distinguished on the basis of immunoreactivity against the glial-specific enzyme glutamine number of ES cell-derived neural progenitors per brain.
across layers 2-6; scattering extended across at least (Walsh and Cepko, 1992; Tan and Breen, 1993) .
Columns only 10
Scattered cells were frequently found in only one hemiScattered cells only 21
sphere ( Figure 2C ), although a small number of chimeras Superimposed 41 showed this pattern of labeling in both hemispheres. In some cases, labeled neurons appeared to be more scattered apart from one another, compared to others. These chimeras showed a higher resolution of disperThis was confirmed by stereological analysis of eight sion pathways, to the extent that normally overlapping scattered hemispheres whereby we calculated the numradial and tangential dispersion patterns could be viewed ber of labeled neurons in a given volume of cortical in separate hemispheres. In 10 chimeric hemispheres, space. The results showed that some scattered neurons only radial columns were ever detected. A labeled hemiin certain hemispheres are more closely packed than sphere often contained more than one column, but these others in different hemispheres and that the packing were often separated from one another by regions of density in separate hemispheres varied also in a quantal unlabeled neocortical tissue. In some brains, adjacent fashion ( Figure 3C ). columns were linked together by a horizontal bridge of cells in the superficial layers only ( Figure 1D ). Within Radially Dispersing Neurons are each column, the labeling in superficial layers was also Predominantly Glutamatergic more intense.
To test the hypothesis that distinct cell dispersion patIsolated radial columns were found in all neocortical terns are linked to the development of specific neuronal areas and also in the cingulate cortex, with variable phenotypes, individual ␤-gal-positive cells from coldiameters (0.1-1.2 mm). Each column was seen to radiumns and scattered cells were screened for the expresate from a point source in deep layer 6 and spanned sion for L-glutamate (Glu) and GABA (Marc et al., 1995) . across layers 2-6 (Figures 2A and 2B ). Layer 1 often These excitatory (Glu) and inhibitory (GABA) neurotransdid not show any labeling. Individual columns invariably mitters are known to distinguish pyramidal from nonpyshowed a greater mediolateral spread in the superficial ramidal neurons (Mione et al., 1994 (Mione et al., , 1997 ; Gö tz et al., layers (2/3), compared to deeper layers. Immunocyto-1995) . A total of six columns, sourced from six different chemistry (see below) suggests that all labeled cells in chimeric hemispheres (showing only columns), were a radial column are neurons.
tested with antibodies against Glu and GABA. Radial column cells were typically characterized by strong Glu Columns Increase in Quantal Multiples immunoreactivity (Figures 4A-4C) but with an insignifiof 600 Neurons cant fraction of neurons in half of the columns also To determine whether the number of neurons per colshowing GABA immunoreactivity ( Figure 4D ). We thereumn is constant, isolated columns were serially secfore conclude that neurons forming a column are pretioned (Figures 2C and 2D) , and the number of neurons dominantly excitatory. per column was stereologically determined with the optical disector (Coggeshall and Lekan, 1996) . From the nine columns selected for analysis, the smallest colScattered Neurons Are Predominantly GABAergic Labeled neurons from chimeric hemispheres showing umns were found to contain roughly 600 neurons, while larger columns fell into quantal multiples of this number only scattered cells were similarly tested. The majority of scattered cells were GABA immunoreactive, with a ( Figure 2E ). In other words, a single precursor that is incorporated into the E10.5 cerebral vesicle is capable of minority of neurons expressing Glu as well ( Figure 4E ). These results suggest that tangentially dispersing popugiving rise to at least 600 neurons. Most of the columns contained 600-3000 neurons, although one large collations can contain both pyramidal and nonpyramidal neurons, with nonpyramidals making up the vast majorumn had almost 5000 cells. We also estimated the ratio of labeled versus unlabeled neurons within the neuronal ity (approximately two-thirds). In all hemispheres tested, both kinds of neurons were encountered. space defined by a column using the optical disector to sample all nine columns after Nissl staining. This So far, the results describe the picture found in weaker chimeras. These chimeras expressed a neocortical landanalysis confirmed that a column is invariably heterogeneous, comprising a mixture of labeled and unlabeled scape dominated by radial columns composed almost exclusively of glutamatergic pyramidal neurons. On top neurons. Labeled neurons constitute roughly 10% Ϯ 1.9% (mean Ϯ SEM) of all neurons in a column ( Figure 2F ).
of this scaffold, a uniform distribution of GABAergic interneurons appeared to be superimposed. It may be possible that stronger chimeras have different neuro-
Hemispheres Showing Only Scattered Neurons
In 21 other hemispheres, no columns were ever found transmitter phenotypes among labeled columns and scattered cells. One way to test for a difference would (Table 1) . Instead, only scattered cells were distributed (E) Comparison of neuronal numbers in columns after different columns were ranked according to size. The smallest of nine columns was found to contain ‫006ف‬ neurons, with larger columns falling into quantal multiples. (F) Density of labeled neurons analyzed in nine columns expressed as percent with standard error of the mean (SEM). Not all neurons within a column are labeled; instead, for every labeled neuron, roughly 10 unlabeled ones were encountered (ratio of labeled to unlabeled, ‫%01ف‬ Ϯ 1.9%), suggesting a polyclonal composition of neurons making up cortical space. Abbreviations: cc, corpus callosum; st, striatum; mz, marginal zone. Scale bar, 500 m. be to concentrate only on the GABAergic population (Rakic, 1988) . On the other hand, if there is appreciable tangential dispersion in the intermediate zone and the and to see if the number and concentration of GABApositive neurons increases or decreases when exploring cortical plate, then clearly the relative positions of migrating neurons would be scrambled along with any columns or scattered areas of stronger chimeras. Four chimeras were selected for analysis; we compared the associated protomap information. In other words, while the directions of migration itself cannot prove regional incidence of GABAergic neurons per unit of cortical space, looking at both columns and scattered areas. specification, they provide constraints for the evaluation of potential mechanisms. We have previously hypotheThe results showed no significant difference in the prevalence of GABA neurons (Fisher's exact two-tail probasized that positional information encoding for any protomap may be carried by subpopulations of progenitors bility test) between columns and scattered areas ( Figure  4F ). This would suggest that the number and distribution that generate neurons with stereotyped migration pathways (Tan et al., 1995) . The present results confirm this of GABAergic neurons do not appear to increase sharply within column areas of stronger chimeras, which is analpossibility and indicate that commitment for distinctive dispersion patterns can occur even before the onset of ogous to weaker chimeras. neurogenesis, with strong parallels in other areas of the nervous system, such as the chick hindbrain and Discussion amphibian retina (Lumsden et al., 1994; Huang and Moody, 1995) . The strong association of radial migration This work addresses two related questions. First, is there evidence for early specification of progenitors in with pyramidal neurons would indicate to us that this neuronal class, which constitutes by far the majority of the VZ to predictable cell movements? Second, is there lineage-dependent induction of neuronal phenotypes? neocortical neurons (Hendry et al., 1987) , is the most likely candidate vehicle to relay a protomap, if it exists. Our results provide affirmative answers for both developmental mechanisms, at least for a subpopulation of Our results also provide a direct link between the dispersal behavior of a neuron and its eventual phenoneuronal progenitors.
The debate over patterning of the neocortex has retype and have the potential to resolve a long-standing question; i.e., how do subpopulations of migrating neucently been centered around cell migration patterns (Rakic, 1995b) . The argument goes that if a group of roblasts sharing the same microenvironment acquire different neuronal phenotypes? We demonstrate that premigratory neurons contains information concerning area identity, then one would predict that they would despite extensive intermingling among neurons undergoing radial and tangential dispersion, the fates of some disperse in strictly a radial fashion, preserving a pointto-point mapping between the VZ and the cortical plate of these participants, especially those undergoing radial dispersion, are specified even before they leave the gerradial migration of pyramidal neurons would provide a scaffold for parceling the neocortex into different funcminal zone. Early specification of certain progenitors may thus be part of a lineage-based strategy for furnishtional areas. By extensive tangential dispersion, the minority nonpyramidal neuroblasts would achieve greater ing the developing neocortex with a stable but diverse mixture of neuronal phenotypes. According to this model, coverage of the neocortical space, in keeping with their role as inhibitory neurons. Interestingly, inhibitory neuresult of factors encountered en route (environmental cues). The present study clearly demonstrates that rons have recently been shown to migrate tangentially into the cortex from the adjacent ganglionic eminences specification to the pyramidal lineage for some neurons can occur at the level of the progenitor, before the onset (Anderson et al., 1997; Tamamaki et al., 1997) . Unfortunately, the methods used in our experiments are not of neurogenesis, and is linked to radial dispersion. Conversely, tangential dispersion appears to be linked to able to address whether or not the scattered neurons in chimeras have arisen solely from either intra-or extrathe nonpyramidal lineage. Further confirmation for early specification of progenitors, although from an outside cortical sources or from a combination of both.
Nevertheless, the possibility remains that some prosource, can be found in the GABAergic neurons migrating tangentially inward from the ganglionic eminence, a genitors have mixed potential (for pyramidal and nonpyramidal neurons), and a large number of them may be process that appears to be abrogated by the loss of the homeodomain genes Dlx-1 and Dlx-2 (Anderson et al., responsible for the superimposed patterns observed in strong chimeras. In support of this, in vitro studies sug-1997). However, because our analysis did not include testing of neuroblasts outside of their natural environgest that at least 7% of progenitors in the VZ have mixed potential (Davis and Temple, 1994) , and others have ment, we cannot rule out the possibility that a cell's potential may be quite broad and that environmental shown a common progenitor for both pyramidal and nonpyramidal neurons (Gö tz et al., 1995) . These notwithcues may have a subsidiary role in shaping a cell's fate, either during or after migration. This point is relevant in standing, in hemispheres with superimposed patterns, we found that the incidence of GABAergic nonpyramidal light of retroviral studies that showed clonal heterogeneity when examined at earlier ages. Whereas clones exneurons in a given area of cortical space was the same regardless of whether the sample was sourced from amined at later ages contained either all pyramidal or all nonpyramidal neurons, clones examined at earlier columns or scattered areas. It would therefore appear that whether neurons were generated from progenitors ages contained a mixture of both, including individual cells that simultaneously express both pyramidal and with single or mixed potential, the inhibitory neurons have a similar tendency to be diffusely scattered.
nonpyramidal features (Lavdas et al., 1996) . A significant advantage of our technique is the ability to visualize an It may be argued that our technique of analysis, using highly unbalanced chimeras, does not provide an indicaentire lineage tree instead of terminal twigs. Therefore, our results offer a more complete picture and may extion of how frequently committed progenitors (to one particular dispersion pattern) are represented in the neuplain why, in certain retroviral experiments, nonpyramidal neurons (equivalent to our scattered population) roepithelium. One possibility is for such progenitors to be rare, but we wish to argue otherwise. From a total were consistently found in sparse clusters with 2-4 neurons (over a 500 m 2 area), whereas the same neocortiof 72 chimeric hemispheres, 10 hemispheres were exclusively columnar, while 21 hemispheres were exclucal space can contain large clusters (up to 23) of pyramidal neurons (Mione et al., 1994) . Our results also showed sively scattered. By the time labeled cells are incorporated into the cerebral wall (at E10.5), there are estimated significant horizontal dispersion in the upper layers (up to 1 mm separation) among cells that clearly form part to be ‫000,01ف‬ progenitor cells in the proliferative ventricular epithelium (Caviness et al., 1995) . Our sample of a radial column. In light of this, we suggest that spatial separation alone between retrovirally infected cells indicates that 13% of chimeras have labeled only the progenitors committed to the radial pathway, suggesting (clonally related or otherwise) cannot be a valid criterion for attributing tangential dispersion. that such progenitors are abundant among the 10,000 present. The number of hemispheres showing only tan-A related question concerns whether a given neuroepithelial cell, labeled before the onset of neurogenesis, gential dispersion is even greater (29%), although these need to be considered in light of recent findings that is competent to generate a clone of neurons spanning a column across layers 2-6. Studies using retroviral vecmany progenitors for tangentially dispersing neurons of the neocortex may in fact reside extraneously in the tors demonstrate that an infected progenitor can produce neurons distributed over a limited number of layers developing striatum (Anderson et al., 1997; Tamamaki et al., 1997) . Nonetheless, a striatal source of scattered over the course of successive cell divisions (Luskin et al., 1988; Price and Thurlow, 1988 ; Walsh and Cepko, neurons is consistent with our sample, in which the majority of hemispheres (n ϭ 9) showed coextensive 1988; Mione et al., 1994; Kornack and Rakic, 1995; Reid et al., 1995) . In the present study, incomplete columns neocortical and striatal labeling. However, we also encountered a minor proportion of scattered hemispheres were never encountered, raising two considerations. First, once established, a progenitor cell giving rise to (n ϭ 2) that did not exhibit striatal labeling; this provided an opportunity to speculate that some scattered neua column of neurons is unlikely to shift its horizontal position within the VZ during the entire neurogenetic rons in these hemispheres may have arisen exclusively from the neocortical VZ.
period. In this regard, we suggest that random movement of progenitors previously reported by direct imOur results provide an opportunity to clarify certain inconsistencies among studies using retroviral vectors.
aging (Fishell et al., 1993 ) mostly likely does not involve these radial progenitors. Second, unlike retroviral studSome studies have previously uncovered a clonal basis for pyramidal or nonpyramidal lineages, but because ies in which only small clones are ever found because of lineage extinction (Takahashi et al., 1996) , labeling labeling was performed at midstages of neurogenesis (Grove et al., 1993; Mione et al., 1994 Mione et al., , 1997 , it was before the onset of neurogenesis by ES cell precursors assures complete labeling of the entire clone. These unclear whether phenotype restriction was present before the onset of migration (lineage bias) or was the findings establish conclusively that superficial and deep Sturm et al., 1997 (Fishell et al., 1990; Krushel et al., 1992) only (Frantz and McConnell, 1996) . Direct imaging of sections in coronal orientation were subjected to ␤-gal histochemismigrating cells in living cortical slices has demonstrated try using the X-gal reaction. Three litters of embryos were harvested early (E9.5, E10.5, E12.5) and fixed for X-gal histochemistry to exama predictable fraction of tangentially dispersing cells ine progenitor cell labeling in the early forebrain.
crossing the intermediate zone (O'Rourke et al., 1992) , and neurons tagged by retroviral markers have shown early determination of neuronal phenotype (Mione et al.,
Stereological Analysis
To determine the number of cells present in a column, all labeled 1994). marked 24 hr later at E11.5 (Takahashi et al., 1996) ; at
To estimate the contribution of scattered cells to cortical space, eight different cerebral hemispheres showing only scattered cells a 10 hr cell cycle interval, a single precursor at E10.5
were chosen for analysis. From each hemisphere, nine fields were would give rise to four daughters at E11.5, producing randomly sampled with a counting frame (measuring 0.8 ϫ 0.8 mm) roughly 600 neurons. This is consistent with a VZ in on three coronal sections (100 m thick) taken from the frontal which 99% of proliferating cells have a similar cell cycle cortex. All labeled cells in each frame were counted, and the density time (Cai et al., 1997) , and quantal differences in column of scattered cells in cortical space was projected for a cortical size could reflect variation in cluster size within the prevolume of 1 mm 3 . Data from eight hemispheres were compared by plotting around a best-fit curve.
neurogenetic forebrain epithelium, either as a result of differential cell death or from the lumping together of neighboring clusters. Quantal regularity in neuronal Immunocytochemistry number emanating from a column supports a previous For detection of amino acid neurotransmitters, postembedding immunocytochemistry was performed on semithin (0.25 m) sections suggestion that neuronal production from individual of labeled cells (Kalloniatis et al., 1996) . Antibodies against targeted progenitor cells is controlled by cell-autonomous mechglutaraldehyde-conjugated haptens (L-glutamate, GABA; provided anisms (Qian et al., 1977) . This model is mirrored by the by Dr. R. E. Marc, UT) and against glutamine synthetase (Chemicon) constant number of cell cycles (11) that a progenitor has were used on consecutive sections embedded in EPON (Burlington, to undergo during the neurogenetic period and suggests . The data sets obtained from four strong chimeras Experimental Procedures were analyzed using Fisher's Exact probability test (two-tailed) to see whether or not there is a significant difference in the prevalence ES Cell Chimeras An ES cell line was derived from the H253 transgenic mouse line of transgenic GABAergic neurons between columns and scattered areas. carrying an X-linked lacZ marker on both X chromosomes (Tan et 
